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ABSTRACT

The effects of cyclic local buckling on the behavior of concrete-filled steel tubular (CFST)
slender beam-columns under cyclic loading were approximately considered in existing
analytical models by modifying the stress-strain curve for the steel tube in compression. This
modified stress-strain curve method, however, cannot simulate the progressive cyclic local
and post-local buckling of the steel tubes. This paper presents a new efficient numerical
model for predicting the cyclic performance of high strength thin-walled rectangular CFST
slender beam-columns accounting for the effects of progressive cyclic local and post-local
buckling of steel tube walls under stress gradients. Uniaxial cyclic constitutive laws for the
concrete core and steel tubes are incorporated in the fiber element formulation of the model.
The effects of initial geometric imperfections, high strength materials and second order are
also included in the nonlinear analysis of CFST slender beam-columns under constant axial
load and cyclically varying lateral loading. The Müller’s method is adopted to solve nonlinear
equilibrium equations. The accuracy of the numerical model is examined by comparisons of
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computer solutions with experimental results available in the published literature. A
parametric study is conducted to investigate the effects of cyclic local buckling, column
slenderness ratio, depth-to-thickness ratio, concrete compressive strength and steel yield
strength on the cyclic responses of CFST slender beam-columns. It is shown that the
numerical model developed predicts well the experimentally observed cyclic lateral loaddeflection characteristics of CFST slender beam-columns. The numerical results presented
reflect the cyclic local and global buckling behavior of thin-walled high strength rectangular
CFST slender beam-columns, which have not been reported in the literature.

Keywords: Concrete-filled steel tubes; Cyclic loading; High strength; Local and post-local
buckling; Nonlinear analysis; Slender beam-columns.

1. Introduction

High strength thin-walled rectangular CFST slender beam-columns have increasingly been
used in composite buildings and bridges in seismic regions due to their high structural
performance such as high strength, high stiffness, high ductility and large energy absorption
capacity. In seismic regions, thin-walled CFST slender beam-columns may be subjected to a
constant axial load from upper floors and cyclically varying lateral loading due to the
earthquake. These cyclically loaded beam-columns may undergo cyclic local and global
interaction buckling, which makes the predictions of their cyclic performance highly
complicated. Cyclic local buckling reduces the strength and ductility of thin-walled CFST
slender beam-columns. It is therefore important to incorporate cyclic local buckling effects in
nonlinear analysis techniques so that the cyclic performance of thin-walled CFST slender
beam-columns under cyclic loading can be accurately predicted.
3

Experimental studies on the ultimate strengths of CFST columns under monotonic axial load
or combined monotonic axial load and bending have been very extensive in the past [1-12].
However, only limited tests have been conducted on CFST beam-columns under cyclic
loading. Experiments on square CFST beam-columns under axial load and cyclic lateral
loading were performed by Varma et al. [13,14]. These test specimens were made of high
strength concrete of 110 MPa and steel tube with yield stress ranging from 269 MPa to 660
MPa. Their studies indicated that the cracking of the infilled concrete and local buckling of
the steel tubes reduced the flexural stiffness of CFST beam-columns. Han et al. [15]
investigated experimentally the effects of the depth-to-thickness ratio, concrete compressive
strength and axial load level on the cyclic behavior of square and rectangular CFST beamcolumns. They reported that local buckling of CFST beam-columns occurred after the steel
yielded. Tests on normal strength square CFST beam-columns under cyclic loading were
undertaken by Wu et al. [16]. It was observed that the steel tube walls buckled outward after
the concrete was damaged.

Various nonlinear analysis techniques for predicting the cyclic responses of CFST beamcolumns have been reported in the literature. Varma et al. [13] developed a fiber element
model for rectangular CFST beam-columns under cyclic loading. The uniaxial cyclic stressstrain relationships for steel and concrete were derived from the nonlinear finite element
analyses of CFST beam-columns. The stress-strain curve for steel in compression was
modified to approximately account for the effects of local buckling. Gayathri et al. [17,18]
proposed an efficient fiber element technique for the nonlinear analysis of CFST short and
slender beam-columns under monotonic and cyclic loading. Their technique was formulated
for normal strength CFST beam-columns where local buckling effects were not included.
Chung et al. [19] presented a fiber element model for the analysis of cyclically loaded square
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CFST beam-columns. The effect of local buckling was approximately taken into account in
the model by modifying the stress-strain curve for steel in compression. However, their model
did not consider concrete tensile strength and high strength materials. Zubydan and
ElSabbagh [20] proposed a mathematical model for the nonlinear analysis of normal strength
rectangular CFST beam-columns where local buckling was approximately considered by
modifying the stress-strain curve for steel in compression. The fiber element model presented
by Wu et al. [16] could be used to analyze normal strength square CFST beam-columns,
providing that the steel sections are compact. It should be noted that the modified stress-strain
curve method used in the above mentioned models might overestimate or underestimate the
cyclic local buckling strengths of steel tubes under stress gradients. This is because they can
not model the progressive cyclic local buckling of the steel tube from the onset to the postlocal buckling, which is characterized by stress redistributions within the buckled tube wall.

The local buckling problem of thin-walled CFST columns has been studied experimentally by
various researchers [21-24]. Liang et al. [25] proposed a fiber element model for the nonlinear
analysis of thin-walled CFST short columns under axial compression, accounting for
progressive local buckling effects by using effective width formulas. Liang [26,27] developed
a numerical model for simulating the axial load-strain responses, moment-curvature
relationships and axial load-moment interaction diagrams of high strength rectangular CFST
short beam-columns under axial load and biaxial bending. The effects of local buckling of
steel tube walls under stress gradients were incorporated in the model by using initial local
buckling equations and effective width formulas proposed by Liang et al [28]. Patel et
al.[29,30] and Liang et al. [31] extended the numerical models developed by Liang et al. [25]
and Liang [26,27] to the nonlinear analysis of eccentrically loaded high strength thin-walled
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rectangular CFST slender beam-columns considering the effects of local buckling, geometric
imperfections, second order and high strength materials.

The above literature review indicates that there is relatively little numerical study on the
fundamental behavior of cyclically loaded high strength rectangular CFST slender beamcolumns with large depth-to-thickness ratios. In this paper, a numerical model is developed to
simulate the cyclic performance of high strength thin-walled rectangular CFST slender beamcolumns incorporating cyclic local buckling effects. Comparative study is undertaken to
verify the numerical model. The fundamental cyclic behavior of CFST slender beam-columns
under constant axial load and cyclically varying lateral loading is investigated using the
computer program developed and the results obtained are discussed.

2. Material constitutive models

2.1 Cyclic constitutive models for concrete

The confinement provided by the steel tube increases only the ductility of the concrete core in
a rectangular CFST column but not its strength. This confinement effect is considered in the
cyclic stress-strain curves schematically depicted in Fig. 1. The cyclic stress-strain
relationships account for the effects of stiffness degradation and crack opening and closing
characteristics of concrete under cyclic loading. The envelope curve for the concrete under
cyclic axial compression can be characterized by the monotonic stress-strain curve of the
concrete, which is divided into ascending, constant, linearly descending and constant parts as
shown in Fig. 1. The longitudinal compressive concrete stress for the ascending part from O
to A is calculated based on the equation given by Mander et al. [32] as:

6

⎛ε ⎞
f cc' λ ⎜⎜ 'c ⎟⎟
⎝ ε cc ⎠
σc =
λ
⎛ εc ⎞
λ − 1 + ⎜⎜ ' ⎟⎟
⎝ ε cc ⎠

λ=

(1)

Ec
⎛ f' ⎞
⎟
Ec − ⎜⎜ cc
' ⎟
⎝ ε cc ⎠

(2)

where f cc' is the effective compressive strength of concrete, ε c is the longitudinal compressive
'
strain of concrete, ε cc
is the strain at f cc' and Ec is the Young’s modulus of concrete which is

given by ACI 318-11 [33] as

Ec = 3320 f cc' + 6900

(MPa)

(3)

The effective compressive strengths of concrete

(f )
'
cc

is taken as λc f c' , where λc is the

strength reduction factor proposed by Liang [26] to account for the column size effects and
expressed as

λc = 1.85Dc−0.135

(0.85 ≤ λc ≤ 1.0)

(4)

in which Dc is taken as the larger of (B − 2t ) and (D − 2t ) for a rectangular cross-section,
where B is the width of the cross-section, D is the depth of the cross-section, and t is the
thickness of the steel tube wall.

'
In the numerical model, the strain ε cc
corresponding to f cc' is taken as 0.002 for the effective
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compressive strength less than or equal to 28 MPa and 0.003 for f cc' > 82 MPa . For the
'
effective compressive strength between 28 and 82 MPa, the strain ε cc
is determined by the

linear interpolation.

The parts AB, BC and CD of the stress-strain curve for concrete in CFST columns as shown
in Fig. 1 are defined by the following equations given by Liang [26]:

⎧ f cc'
⎪
σ c = ⎨β c f cc' + 100 (0.015 − ε c ) f cc' − β c f cc'
⎪
'
⎩β c f cc

(

)

for ε cc' < ε c ≤ 0.005
for 0.005 < ε c ≤ 0.015

(5)

for ε c > 0.015

where β c was proposed by Liang [26] based on experimental results presented by Tomii and
Sakino [34] as follows:

B
⎧
for s ≤ 24
⎪1.0
t
⎪
1 Bs
B
⎪
β c = ⎨1.5 −
for 24 < s ≤ 48
48 t
t
⎪
B
⎪
for s > 48
⎪0.5
t
⎩

(6)

in which Bs is taken as the larger of B and D for a rectangular cross-section.

The concrete under compression is initially loaded up to an unloading strain and then
unloaded to a zero stress level. The reloading of the concrete from the zero stress up to the
envelope curve is characterized by the linear stress-strain relationships. For the unloading of
concrete, the parabolic curve of the concrete is defined by the following equations [32]:
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⎛ ε − ε un ⎞
⎟
f un λu ⎜ c
⎜ε −ε ⎟
pl
un
⎝
⎠
σ c = f un −
λu
⎛ ε c − ε un ⎞
⎟
λu − 1 + ⎜⎜
⎟
ε
ε
−
un ⎠
⎝ pl

λu =

(ε

pl

< ε c < ε un )

Eu
⎛ f un
Eu − ⎜
⎜ε −ε
pl
⎝ un

(7)

(8)

⎞
⎟
⎟
⎠

where f un is the compressive stress of concrete at the unloading, ε un is the strain at f un , ε pl is
the plastic strain which is proposed by Mander et al. [32] as:

ε pl = ε un −

funε un + funε a
fun + Ecε a

(9)

in which ε a is given as

ε a = a ε unε cc'

(10)

(

)

'
ε cc' + ε un and 0.09ε un ε cc for a rectangular crosswhere a is taken as the larger of ε cc

section.

In Eq. (8), Eu is the initial modulus of elasticity at the unloading proposed by Mander et al.
[32] and is expressed by:

⎛ f ⎞⎛ ε '
Eu = ⎜⎜ un' ⎟⎟⎜ cc
⎝ f cc ⎠⎜⎝ ε un

⎞
⎟E
⎟ c
⎠

(11)
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(

)

in which f un / f cc' ≥ 1.0, and

ε cc' / ε un ≤ 1.0 .

For the reloading of concrete, a linear stress-strain relationship is assumed as follows:

σ c = Er (ε c − ε ro ) + f ro

(ε

pl

< ε c < ε ro )

(12)

where Er is given by

Er =

f ro − f re
ε ro − ε re

(13)

in which f ro is the concrete stress at the reloading, ε ro is the strain at f ro , and ε re and f re
are the return strain and stress on the monotonic curve as shown in Fig. 1.

The envelop stress-strain curve for concrete under tension is divided into the linear
descending and ascending parts as shown in Fig. 1. The concrete tensile stress linearly
increases with the tensile strain of concrete up to concrete cracking. After concrete cracking,
the tensile stress of concrete is inversely proportional to the tensile strain of concrete up to the
ultimate tensile strain. The tensile strength of concrete is taken as 0.6 f cc' . The concrete
tensile stress is considered zero at the ultimate tensile strain. The ultimate tensile strain is
taken as 10 times of the strain at cracking.

For unloading from a compressive envelope curve, the stress in the concrete fiber under
tension can be given by:

10

⎧ f ct' (ε c − ε pl )
⎪ '
'
⎪ ε ct − ε tu
σt = ⎨ '
⎪ f ct (ε c − ε pl )
⎪
ε ct'
⎩

(

)

for ε tu' < ε c ≤ ε ct'
(14)
for ε < ε c < ε pl
'
ct

in which

⎛ ε pl
f ct' = f ct ⎜⎜1 − '
⎝ ε cc

⎞
⎟⎟
⎠

(15)

ε ct' = ε ct + ε pl

(16)

For unloading from a tensile envelope curve, the reloading the concrete cannot carry the load
up to the tensile strength so that the reloading branch follows the unloading branch.

2.2. Cyclic constitutive models for structural steels

The cyclic stress-strain relationship for the structural steels is shown in Fig. 2. The mild
structural steels have a linear stress-strain relationship up to 0.9 f sy , where f sy is the steel
yield strength. The parabolic curve for cold-formed structural steels can be defined by the
equation proposed by Liang [26]. The parabolic curve is replaced by the straight line for high
strength steels. The hardening strain ε st is assumed to be 0.005 for high strength and coldformed steels and 10 ε sy for mild structural steels in the numerical model. The ultimate strain
of steels is taken as 0.2.

For the cyclic stress-strain curve, the unloading follows a straight line with the same slope as
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the initial stiffness as shown in Fig. 2. The unloading part of the structural steels can be
defined by the following equation:

σ s = Es (ε s − ε mo )

(ε o < ε s ≤ ε mo )

(17)

where σ s is the stress in a steel fiber, E s is the Young’s modulus of steel, ε s is the strain in
the steel fiber and ε mo is given by:

ε mo = ε o −

fo
Es

(18)

in which ε o is the strain at the unloading, f o is the stress at the unloading.

The reloading curve for steels is described by the equations given by Shi et al. [35] as:

σ s = E s (ε s − ε mo ) − η (E s − E k )(ε s − ε o )
Ek =

(ε mo < ε s ≤ ε b )

σb
ε b − ε mo

(19)
(20)

where η is proposed by Shi et al. [35] as:

⎧
⎪1.048 −
⎪
⎪
η=⎨
⎪1.074 −
⎪
⎪
⎩

0.05

εs −εo
+ 0.05
εb − εo
0.08

εs −εo
+ 0.08
εb − εo

for ε b − ε o ≥ 0.04
(21)

for ε b − ε o < 0.04
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For the reloading, the initial value of the strain ε b is taken as 0.9ε sy . The stress f b at the
strain ε b can be determined from the monotonic stress-strain curves. For the strain greater
than the strain ε b , the cyclic skeleton curve is used to predict the stress in the steel fiber.
After initial reloading, the reloading is directed toward the previous unloading.

3. Modeling of cross-sectional strengths

3.1. Strain calculations

The behavior of composite cross-sections is modeled using the accurate fiber element method.
The cross-section is divided into fiber elements as shown in Fig. 3. Each fiber element can be
assigned with either steel or concrete material properties. Fiber element stresses are calculated
from fiber strains using cyclic stress-strain relationships. The strain ε t at the top fiber of the
cross-section can be determined by multiplication of the curvature φ and the neutral axis
depth d n . For bending about the x-axis, strains in concrete and steel fibers can be calculated
by the following equations proposed by Liang [26]:

y n ,i =

D
− dn
2

(22)

d e ,i = yi − y n ,i

(23)

for yi ≥ y n ,i
⎧φd e ,i
εi = ⎨
⎩− φd e ,i for yi < y n ,i

(24)

in which d n is the neutral axis depth, d e ,i is the orthogonal distance from the centroid of each
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fiber element to the neutral axis, yi is the coordinates of the fiber i and ε i is the strain at the

ith fiber element.

3.2. Initial local buckling of steel tube walls under stress gradients

The steel tube walls of a CFST column are restrained by the concrete core so that they can
only buckle outward. The edges of the tube wall can be assumed as clamped. Liang et al. [28]
developed nonlinear finite element models to study the local and post-local buckling behavior
of clamped steel plates that form a CFST column under stress gradients. The models
accounted for geometric imperfection of 0.1t at the plate centre and compressive residual
stresses of 0.25 f sy , which were balanced by the tensile residual stresses locked in the same
plate. Based on the finite element results, Liang et al. [28] proposed a set of formulas for
determining the initial local buckling stress of steel tube walls subjected to compressive stress
gradients. These formulas are incorporated in the numerical model to determine the onset of
cyclic local buckling of thin-walled CFST slender beam-columns.

3.3. Post-local buckling of steel tube walls under stress gradients

The effective width concept is usually used to determine the post-local buckling strengths of
thin steel plates. Liang et al. [28] proposed a set of effective width formulas for steel tube
walls of CFST columns under compressive stress gradients. The effective width is a function
of the width-to-thickness ratio (b t ) and compressive stress gradient (α s ) . Their formulas are
incorporated in the numerical model to determine the ultimate strengths of steel tube walls
subjected to stress gradients. Fig. 3 shows the effective and ineffective areas of a steel cross-
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section under axial load and uniaxial bending. The effective widths be1 and be 2 of a steel tube
wall under stress gradients are given by Liang et al. [28] as

2
3
⎧
⎛b⎞
−4 ⎛ b ⎞
−7 ⎛ b ⎞
⎪0.2777 + 0.01019 ⎜ ⎟ − 1.972 ×10 ⎜ ⎟ + 9.605 ×10 ⎜ ⎟ for α s > 0.0
be1 ⎪
⎝t⎠
⎝t⎠
⎝t⎠
=⎨
2
3
b ⎪
⎛b⎞
−5 ⎛ b ⎞
−7 ⎛ b ⎞
−
+
×
−
×
0
4186
0
002047
5
355
10
4
685
10
.
.
.
.
⎜ ⎟
⎜ ⎟
⎜ ⎟ for α s = 0
⎪
⎝t⎠
⎝t⎠
⎝t⎠
⎩

(25)

be 2
b
= (2 − α s ) e1
b
b

(26)

where b is the clear width of a steel flange or web in the section, and α s = σ 2 σ 1 , σ 1 is the
maximum edge stress acting on the steel tube wall and σ 2 is the minimum edge stress acting
on the same steel tube wall. It is noted that the effective width formulas were proposed for
clamped steel plates with b/t ratio ranging from 30 to 100. For a plate with a b/t ratio less than
30, the plate is treated as compact.

The post-local buckling of a thin steel plate is characterized by the gradual redistribution of
stresses within the buckled plate. After the onset of local buckling, the ineffective width of the
plate increases with increasing the compressive load until the plate attains its ultimate
strength, which is governed by the effective widths given by Eqs. (25) and (26). In the present
study, the progressive post-local buckling of steel tube walls under stress gradients is modeled
by gradually redistributing the normal stresses within the steel tube wall. This can be done by
assigning the steel fiber elements located in the ineffective areas to zero stress (Liang 26).

3.4. Stress resultants
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The internal axial force and bending moment carried by a composite cross-section under axial
load and uniaxial bending are determined as the stress resultants, which are expressed by:

ns

nc

i =1

j =1

Pn = ∑ σ s ,i As ,i + ∑ σ c , j Ac , j
ns

nc

i =1

j =1

(27)

M x = ∑ σ s ,i As ,i yi + ∑ σ c , j Ac , j y j

(28)

where Pn is the internal axial force, M x is the internal bending moment about the x-axis, σ s ,i
is the longitudinal stress at the centroid of steel fiber i , As ,i is the area of steel fiber i , σ c , j is
the longitudinal stress at the centroid of concrete fiber j , Ac , j is the area of concrete fiber j ,

y i is the coordinates of steel element i , y j is the coordinates of concrete element j , ns is
the total number of steel fiber elements and nc is the total number of concrete fiber elements.

3.5. The Müller’s method

The Müller’s method [36] is an efficient numerical technique for solving nonlinear
equilibrium equations. It is a generalization of the secant method, which has been used to
obtain nonlinear solutions to CFST short beam-columns under axial load and biaxial bending
by Liang [26]. Computational algorithms based on the Müller’s method are developed to
iterate the neutral axis depth in a rectangular CFST cross-section. The Müller’s method
requires three initial values of the neutral axis depth d n ,1 , d n ,2 and d n ,3 . The corresponding
residual forces rp ,1 , rp ,2 and rp ,3 are calculated based on the three initial values of the neutral
axis depth. The new neutral axis depth d n ,4 is determined by the following equations:
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d n ,4 = d n ,3 −

am =

bm =

(d
(d

n,2

2cm

− d n ,3 ) (rp ,1 − rp ,3 ) − (d n ,1 − d n ,3 ) (rp , 2 − rp ,3 )

(d

n ,1

− d n , 2 )(d n , 2 − d n ,3 )(d n ,1 − d n ,3 )

− d n ,3 ) (rp , 2 − rp ,3 ) − (d n , 2 − d n ,3 ) (rp ,1 − rp ,3 )
2

n ,1

(29)

bm ± bm2 − 4am cm

(d

(30)

2

n ,1 − d n , 2 )(d n , 2 − d n , 3 )(d n ,1 − d n , 3 )

cm = rp ,3

(31)

(32)

The values of the neutral axis depth d n ,1 , d n ,2 and d n ,3 and corresponding residual forces rp ,1 ,
rp ,2 and rp ,3 need to be exchanged as discussed by Patel et al. [29]. Eq. (29) and the exchange

of the neutral axis depths and residual forces are iteratively executed until the convergence
criteria of rp < ε k is satisfied. The sign of the square toot term in the denominator of Eq. (29)
is taken as the same sign of bm .

4. Modeling of cyclic load-deflection responses

4.1. Formulation

A cantilever column under a constant axial load (P ) and cyclically varying lateral loading (F )
is considered in the numerical model. The deflected shape and coordinate system for the
cantilever column are depicted in Fig. 4, where L represents the actual length of the column
and ul demotes the lateral deflection at the tip of the column. The effective length of the
cantilever column is taken as 2 L . The deflected shape of the cantilever column is assumed to
be part of a sine wave which is described by the following displacement function:
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⎛ πz ⎞
u = ul sin ⎜ ⎟
⎝ 2L ⎠

(33)

The curvature along the length of the cantilever column can be derived from Eq. (33) as

∂ 2u ⎛ π ⎞
⎛ πz ⎞
φ = 2 = ⎜ ⎟ ul sin ⎜ ⎟
∂z
⎝ 2L ⎠
⎝ 2L ⎠
2

(34)

The curvature at the base of the cantilever column is given by

⎛π ⎞
φb = ⎜ ⎟ u l
⎝ 2L ⎠
2

(35)

The external moment at the base of the cantilever column can be determined as

M me = FL + P(e + ul + ulo )

(36)

in which e is the eccentricity of the axial load and it is taken as zero for the pure axial load in
the present study, ulo is the initial geometric imperfection at the tip of the cantilever columns.

The column must satisfy the force and moment equilibrium conditions at its base as follows:

Pn − P = 0

(37)

FL + P(e + ul + ulo ) − M x = 0

(38)
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where M x is the internal bending moment of the cross-section at the column base.

The lateral load can be determined as:

F=

M x − P(e + ul + ulo )
L

(39)

4.2. Computational procedure

An incremental-iterative numerical scheme based on the displacement control method was
employed in the computational procedure to predict the cyclic load-deflection responses of
slender beam-columns. The lateral deflection at the tip of the beam-column is initialized. The
curvature φ b at the column base is calculated from the given lateral deflection ul using Eq.
(35). The neutral axis depth of the composite cross-section is iteratively adjusted using the
Müller’s method. The force and moment equilibriums are maintained at the base of the
cantilever column. The internal bending moment M x is determined from axial force and
curvature relationship. The cyclic lateral load F at the tip of the cantilever column is
calculated using Eq. (39). The lateral deflection at the tip of the cantilever column is gradually
increased up to the predefined unloading deflection. After the unloading deflection, the lateral
deflection is gradually decreased up to the reloading level. Note that the stresses of the steel
and concrete fiber elements depend not only on the strain of the element, but also on the
complete stress-strain history. The stresses and strains of the fiber elements for each lateral
deflection are recorded in the numerical analysis. The process is repeated until the ultimate
cyclic lateral load is obtained or the deflection limit is reached. The main steps of the
computational procedure are given as follows:
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(1) Input data.
(2) Discretize the composite cross-section into fiber elements.
(3) Initialize the first unloading deflection u ul
(4) Initialize the lateral deflection at the tip of the cantilever column ul = Δul .
(5) Calculate the curvature φ b at the base of the cantilever column.
(6) Set Δul = −Δul if ul > (uul − Δul ) or ul < (− uul − Δul ) .
(7) Define the next unloading deflection u ul if (u l − u l last )(u l last − u l old ) < 0 and u l > u l last .
(8) Recall the unloading strains and stresses at the unloading deflection.
(9) Adjust the neutral axis depth (d n ) using the Müller’s method.
(10) Calculate fiber strains and stresses using cyclic stress-strain relationships.
(11) Check cyclic local buckling and update steel fiber stresses.
(12) Calculate resultant force P considering local buckling effects.
(13) Compute the residual force rp = Pn − P .
(14) Repeat Steps (9)-(13) until rp < ε k .
(15) Compute the internal bending moment M x .
(16) Calculate the cyclic lateral force F using Eq. (39).
(17) Record the deflection ul old = u l last and u l last = u l
(18) Store the fiber strains and fiber stresses under the current deflection.
(19) Increase the deflection at the tip of the cantilever column by ul = ul + Δul .
(20) Repeat Steps (5)-(19) until the ultimate cyclic lateral load Fu is obtained or the
deflection limit is reached.
(21) Plot the cyclic load-deflection curve.
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The convergence tolerance ε k is taken as 10 −4 in the numerical analysis.

5. Validation of the numerical model

The accuracy of the developed numerical model is evaluated by comparing the numerical
solutions with experimental results given by Verma et al. [14]. The ultimate cyclic lateral
loads and cyclic load-deflection curves for high strength thin-walled square CFST beamcolumns are considered in the verification of the numerical model developed.

5.1. Ultimate cyclic lateral loads

The dimensions and material properties of high strength CFST beam-columns tested by
Varma et al. [14] are given in Table 1. In the table, Fu . exp represents the experimental ultimate
cyclic lateral load and Fu. num denotes the ultimate cyclic lateral load predicted by the
numerical model. Specimens were tested under rotating axial load and cyclic loading using
special clevises-pins supports. All specimens had a square cross-section of 305 × 305 mm.
The depth-to-thickness ratios (D t ) ranged from 34 to 52 while the length of the column was
1200 mm. The steel tube of the specimens was filled with high strength concrete of 110 MPa.
It should be noted that the concrete compressive strength given in Table 1 is the cylinder
compressive strength. The yield strengths ( f sy ) of the steel tube varied from 269 MPa to 660
MPa. The experimental axial load applied to each specimen was employed in the numerical
analysis. It can be observed from Table 1 that the ultimate cyclic lateral loads predicted by the
numerical model are in good agreement with experimental results. The mean ultimate cyclic
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lateral load predicted by the numerical model is 99% of the experimental value with a
standard deviation of 0.11 and a coefficient of variation of 0.11.

5.2. Cyclic load-deflection curves

Cyclic load-deflection curves provide useful information on the initial stiffness, ultimate
cyclic lateral load, unloading stiffness, reloading stiffness and post-peak behavior of thinwalled CFST beam-columns. To examine the accuracy of the proposed numerical model,
cyclic load-deflection curves predicted by the numerical model are compared with
experimental results reported by Varma et al. [14] in Figs. 5-7.

The D t ratios of these columns ranged from 34 to 52. Therefore, the local buckling of the
steel tube wall under stress gradients was considered in the numerical model. It can be seen
from Figs. 5-7 that the numerical model predicts well the ultimate cyclic lateral loads when
compared to test results. The predicted ultimate cyclic lateral load for specimen CBC-32-8010 is 95% of the experimental value. Reasonable agreement between computed and
experimental cyclic load-deflection curves is achieved for specimens CBC-48-80-10, CBC48-80-20, CBC-32-46-20, CBC-48-46-10 and CBC-48-46-20. The ratios of computed
ultimate cyclic lateral load to experimental value for specimens CBC-48-80-10, CBC-48-8020, CBC-32-46-20, CBC-48-46-10 and CBC-48-46-20 are 1.14, 1.06, 0.86, 1.07 and 1.07,
respectively. The predicted post-peak behavior of the cyclic load-deflection curves for
specimens is in reasonable agreement with experimental data. The unloading and reloading
stiffness of the cyclic load-deflection curves predicted by the numerical model slightly differ
from experimental ones. This is likely due to the uncertainty of the actual concrete stiffness
and strength.
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6. Parametric study

In the parametric study, the axial load was taken as 10% of the ultimate axial strength of the
column cross-section. The computer program developed by Liang et al. [25] was used to
determine the ultimate axial strengths of column cross-sections under axial compression. In
the present study, the initial geometric imperfection at the tip of the beam-column was taken
as L 1000 . The Young’s modulus of steel material was 200 GPa. The yield stress of 690 MPa
and the tensile strength of 790 MPa were assumed for steel tubes, except where specially
indicated. The effects of cyclic local and post-local buckling were considered in all analyses.
The typical cyclic loading pattern used in the parametric study is illustrated in Fig. 8.

6.1. Effects of local buckling

The numerical model was employed to investigate the effects of cyclic local buckling on the
cyclic load-deflection curves for high strength CFST slender beam-columns under constant
axial load and cyclically varying lateral loading. A thin-walled CFST beam-column with a
cross-sectional dimension of 700 × 800 mm was considered. The thickness of the steel tube
was 8 mm so that its depth-to-thickness ratio (D t ) was 100. The compressive cylinder
strength of concrete was 80 MPa. The column slenderness ratio (Le r ) was 22. The applied
axial load was 4623.1 kN. Analyses of the beam-column were carried out by considering and
ignoring cyclic local buckling effects respectively.

Fig. 9 shows the effects of cyclic local buckling on the cyclic load-deflection curves for thinwalled CFST beam-columns. It can be seen from Fig. 9 that cyclic local buckling
considerably reduces the stiffness and ultimate cyclic lateral load of the slender beam-column
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with the same axial load level. The ultimate cyclic lateral load of the slender beam-column is
overestimated by 4.3% if local buckling was not considered. More reduction in the ultimate
cyclic lateral load would be expected if higher axial load was applied to the column. In
addition, cyclic local buckling tends to reduce the ductility of the column under cyclic
loading, which is important for seismic design of composite buildings. These highlight the
importance of considering cyclic local buckling in the analysis and design.

6.2. Effects of column slenderness ratio

The numerical model developed was used to examine the important effects of the column
slenderness ratio. High strength thin-walled CFST slender beam-columns with a cross-section
of 700 × 700 mm were considered. The depth-to-thickness ratio of the section was 70.
Column slenderness ratios (Le r ) of 22 and 30 were considered in the parametric study. The
steel tubes were filled with high strength concrete of 70 MPa. The axial load of 4131.2 kN
was applied to the beam-column.

The cyclic load-deflection curves for high strength thin-walled CFST slender beam-columns
with Le / r ratios of 22 and 30 are presented respectively in Figs. 10(a) and 10(b). The ultimate
lateral load of thin-walled CFST slender beam-columns tends to decrease when increasing the
column slenderness ratio of the beam-columns under the same axial load level. Columns with
a smaller Le / r ratio are shown to be less ductile than the ones with a larger Le / r ratio. The
lateral deflection at the ultimate cyclic lateral load of the beam-columns increases with
increasing the column slenderness ratio. When increasing the column slenderness ratio from
22 to 30, the ultimate cyclic lateral load of the slender beam-column decreases by 28.7%.
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This demonstrates that the column slenderness has a significant effect on the cyclic lateral
load capacities of CFST slender beam-columns.

6.3. Effects of depth-to-thickness ratio

Local buckling of thin-walled rectangular CFST slender beam-columns depends on its depthto-thickness ratio (D t ) . The numerical model was employed to investigate the effects of D t
ratio on the cyclic load-deflection curves for high strength CFST slender beam-columns with
an Le / r ratio of 30 and subjected to a constant axial load of 4450.9 kN and cyclically varying
lateral loading. The dimensions of the composite section analyzed were 600 × 600 mm. The

D t ratios of the column sections were calculated as 50 and 80 by changing the thickness of
the steel tubes. The compressive strength of the in-filled concrete was 100 MPa.

Fig. 11 illustrates the effects of the D t ratio on the cyclic load-deflection curves for thinwalled CFST slender beam-columns. It can be seen from the figure that the ultimate cyclic
lateral load and stiffness of the CFST slender beam-columns decrease with an increase in the

D t ratio for the same size composite section. This is because the column section with a
larger D t ratio has a lesser steel area and it may undergo local buckling which reduces the
ultimate strength of the column. When the D t ratio is increased from 50 to 80, the ultimate
cyclic lateral load of the beam-column is found to decrease by 31.1%. The results suggest that
the cyclic lateral load capacity of a CFST slender beam-column can be significantly increased
by using a smaller D/t ratio for the cross-section in the design.
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6.4. Effects of concrete compressive strengths

The effects of concrete compressive strengths on the cyclic load-deflection responses of high
strength CFST slender beam-columns with cyclic local buckling effects were studied by the
numerical model. The compressive cylinder concrete strengths used in the parametric study
were 60 MPa and 100 MPa. The dimensions of the cross-section were 700×800 mm with a
D/t ratio of 80. The column slenderness ratio (Le r ) of 30 was specified. The applied axial
load was 4119.5 kN.

The computed cyclic load-deflection curves for high strength rectangular CFST slender beamcolumns with different concrete compressive strengths are depicted in Fig. 12. The ultimate
cyclic lateral loads of CFST slender beam-columns increase with an increase in the concrete
compressive strength. Increasing the concrete compressive strength from 60 MPa to 100 MPa
increases the ultimate cyclic lateral strength by 7.2%. However, the initial flexural stiffness of
the slender beam-columns has a slight increase due to the use of higher strength concrete. The
results indicate that the use of high strength concrete will not lead to significant increase in
the cyclic lateral load capacity and flexural stiffness.

6.5. Effects of steel yield strengths

Square thin-walled CFST slender beam-columns with different steel yield strengths and a
cross-section of 650 × 650 mm were analyzed using the numerical model. The depth-tothickness (D t ) ratio of the section was 65. The yield strengths of the steel tubes were 300
MPa and 690 MPa and the corresponding tensile strengths were 430 MPa and 790 MPa
respectively. The column slenderness ratio (L r ) of 30 was used in the parametric study. The
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steel tube was filled with 60 MPa concrete. A constant axial load of 2606.9 kN was applied to
the columns.

Fig. 13 gives the cyclic lateral load-deflection curves for CFST slender beam-columns with
different steel yield strengths. It can be observed from figure that the steel yield strength does
not have an effect on the initial flexural stiffness of the beam-columns. However, the ultimate
cyclic lateral load of slender beam-columns is found to increase significantly with an increase
in the steel yield strength. By increasing the steel yield strength from 300 MPa to 690 MPa,
the ultimate cyclic lateral load of the slender beam-column is found to increase by 91.3%.
This is because the moment capacity of the cantilever column is significantly increased by
increasing the steel yield stress. Consequently, the use of high strength steel tubes leads to a
significant increase in the cyclic lateral load capacities of CFST slender beam-columns.

7. Conclusions

This paper has presented a numerical model for the nonlinear inelastic analysis of high
strength thin-walled rectangular CFST slender beam-columns under constant axial load and
cyclically varying lateral loading. The model accounts for the important effects of progressive
cyclic local buckling of steel tube walls under stress gradients by gradually redistributing the
normal stresses within buckled steel tube walls. This method gives a more accurate simulation
of the actual cyclic post-local buckling behavior of steel tubes than the modified stress-strain
curve approach, which can not model the progressive cyclic local and post-local buckling.
Moreover, geometric and material nonlinearities are taken into account in the numerical
model. The comparative study shows that the numerical model developed predicts very well
the cyclic load-deflection responses of thin-walled CFST slender beam-columns.
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Based on the parametric study, the following important conclusions are drawn:

(1) The cyclic local buckling considerably reduces the ultimate cyclic lateral loads and
ductility of CFST slender beam-columns.
(2) Increasing the column or section slenderness ratio significantly reduces the ultimate
cyclic lateral loads of CFST slender beam-columns.
(3) The use of high strength concrete does not result in a significant increase in the ultimate
cyclic lateral loads of CFST slender beam-columns.
(4) The use of high strength steel tubes leads to a significant increase in the cyclic lateral
load capacities of CFST slender beam-columns.
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Figures and tables

Table 1 Ultimate cyclic lateral loads of thin-walled CFST slender beam-columns.
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Fig. 1. Cyclic stress-strain curves for concrete in rectangular CFST columns.
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Fig. 12. Effects of concrete compressive strengths on the cyclic load-deflection curves for
thin-walled CFST slender beam-columns.
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